Na V 1.6 ␣ subunits can associate with the endogenous repolarization, producing resurgent sodium current.
sequence identical to the cytoplasmic tail of the sodium channel ␤4 subunit.
Results
In the first series of experiments, we tested whether substrate-specific proteases might selectively disrupt the endogenous voltage-dependent open-channel block and unblock of Purkinje sodium channels, while leaving fast inactivation relatively intact. The aims of this experiment were, first, to identify properties of amino acids that might be important in the normal cycle of block and unblock, for use in evaluating sodium channel-associated proteins as candidates for the endogenous blocker, and second, to provide a preparation of Purkinje sodium channels with endogenous block removed, for use in further experiments to reconstitute normal open-channel block (e.g., Hoshi et al., 1990; Zagotta et al., 1990) .
To this end, we recorded QX-314-sensitive sodium currents in inside-out patches from acutely isolated Purkinje cells before and after brief exposure to either trypsin, chymotrypsin, or endoproteinase Glu-C Staphylococcus aureus V8 (V8 protease). These proteases cleave proteins at positively charged, aromatic (and other hydrophobic), and negatively charged residues, respectively. Transient currents and resurgent currents recorded in control intracellular solutions are illustrated in Figure 1A potentials (Experimental Procedures), the proteolytic treatment produced no net change in amplitude or kinetics (n ϭ 4; Figure 1C , left). Additionally, resurgent sodium cleavage interferes with block indirectly, by an action on the blocker and/or on its binding site. We therefore current was unchanged, suggesting that the endogenous blocker remained intact ( Figure 1C, right) . As sumtested whether exogenous amino acids or peptides could restore open-channel block. Transient and resurmarized in Figure 1D , the amplitude ratio of peak resurgent to peak transient current under control conditions gent sodium currents were recorded in three consecutive conditions: (1) in control solutions, (2) following rewas 0.093 Ϯ 0.004 (n ϭ 41). This ratio dropped significantly following exposure to trypsin (0 Ϯ 0.001, n ϭ 18, moval of endogenous block, and (3) in the presence of free amino acids, including the positively charged amino p Ͻ 0.001) and chymotrypsin (0.02 Ϯ 0.01, n ϭ 4, p ϭ 0.02), but not V8 protease (0.08 Ϯ 0.02, n ϭ 4, p ϭ 0.9). acids lysine (K) and arginine (R) or the aromatic amino acid phenylalanine (F). Endogenous block was removed While these results support a role for positively charged and hydrophobic amino acids in the normal by trypsin; in parallel experiments, we controlled for nonspecific effects of trypsin by substituting alkaline cycle of endogenous open-channel block and unblock, they do not answer the question of whether any of these phosphatase (3 mg/ml), a broad-spectrum phosphatase that removes endogenous block (Grieco et al., 2002). residues actually enter and block the pore, or if their Similar results were obtained with both enzymes, and 0.04 relative to control). Moreover, block by poly-L-lysine was irreversible, even after washout of the peptide (data data have been pooled ("block removed").
During application of the free amino acids K, R, and not shown). The effect of poly-L-lysine is not only in contrast with the results with free amino acids, in which F (1 mM each), alone or in combination, transient current amplitude (30 Ϯ 15 pA, n ϭ 6) and decay (1.0 Ϯ 0.1 lysine did not block the pore at all, but also with those of studies of KIFMK, in which the peptide occludes sodium ms) did not significantly change relative to patches with block removed (p ϭ 0.06 and p ϭ 0.5, respectively; channels at positive voltages, but unbinds with hyperpolarization (Eaholtz et al., 1994; Tang et al., 1996) . Thus, Figure 2A , left). In addition, repolarization failed to elicit resurgent current (Figure 2A, right) , giving a resurgentthe blocking properties of lysines appear to be regulated by surrounding residues. We therefore examined natural to-transient current ratio of 0.001 Ϯ 0.001 (n ϭ 6, p ϭ 0.001 relative to control; Figure 2C ). Thus, no combinasodium channel-associated proteins for multiple lysines in the vicinity of hydrophobic residues, which might pertion of these charged and aromatic free amino acids could block the sodium channel pore after removal of mit a reversible open-channel block. Of the four ␤ subunits that associate with sodium the endogenous blocker.
In other studies, however, the lysines of the KIFMK channel ␣ subunits in postnatal mice, cerebellar Purkinje neurons express ␤1, ␤2, and ␤4, but lack ␤3 (Shah et  pentapeptide Figure 3C ). In general, although KKLITFILKKTREKKKECLV) and applied them to patches in which endogenous block had been removed. As ␤4 154-167 did not shorten the decay to control values, the longer peptide, ␤4 154-173 , was highly effective in this shown in Figure 3A The observation that ␤4 peptide is sufficient to produce an effective cycle of block and unblock, however, does not provide direct evidence that the endogenous particle necessarily includes this sequence. For example, the cytoplasmic domain of the ␤2 subunit, while lacking the ␤4 insert, nevertheless contains eight positively charged residues; in contrast, ␤1 has only three. To test whether either of these subunits is required for resurgent sodium current, we recorded from voltage-clamped Purkinje cells acutely dissociated from ␤1 and ␤2 subunit null mice. Figure 4 shows a family of TTX-sensitive sodium currents elicited from wild-type and ␤ subunit null Purkinje neurons. In Purkinje cells from ␤1, ␤2, and ␤1/␤2 null mice, resurgent current was not only present but also retained the same kinetics and relative amplitudes as in wild-type Purkinje cells (wild-type, n ϭ 9; ␤1, n ϭ 6; ␤2, n ϭ 12; ␤1/␤2, n ϭ 19). The most salient difference between normal and mutant cells was that the total sodium current amplitude was smaller in ␤1/␤2 null neurons than in wild-type neurons (p Ͻ 0.001, unpaired; remain in Purkinje cells of ␤1/␤2 null mice, as well as the precise match between open-channel block by ␤4 peptide and the endogenous protein, supports the hy-FILRRTRER). Transient and resurgent currents were repothesis that the ␤4 subunit itself may provide the encorded from Purkinje patches in control conditions, after dogenous block. Alternatively, however, the endogeremoval of endogenous block, and in the presence of nous factor might be a related protein that blocks 200 M peptide. sodium channels equally well. To investigate the extent Like ␤4 154-167 and the endogenous blocker, ␤4 scr to which the nearly normal kinetics produced by ␤4 peptide blocked sodium channels in a voltage-dependent mandepended on the specific sequence of the ␤4 tail, we ner, but it did so with distinctive kinetics. Specifically, repeated the inside-out patch experiments with mutated in the presence of ␤4 scr , the peak transient current was versions of ␤4 154-167 . These included (1) a scrambled verrestored to control amplitudes (p ϭ 0.6, n ϭ 8). Repolarsion, in which charge was conserved, but the clusters ization also elicited a current with an amplitude similar of hydrophobic and positively charged residues were to that of control resurgent current (p ϭ 0.4), giving a separated (␤4 scr : KIKIRFKTKTLELK); (2) a KK/AA substiresurgent-to-transient current ratio of 0.07 Ϯ 0.01 pA, tution at the ninth and tenth residues of the peptide, (p ϭ 0.2; Figures 5A and 5B ). Unlike the current in the which reduced the number of positive charges from presence of the wild-type peptide, however, the repolarsix to four (␤4 KK/AA : KKLITFILAATREK); and (3) a K/R ization-evoked current induced by ␤4 scr peaked signifisubstitution for all lysines, in which charge was conserved, but the side chains were changed (␤4 K/R : RRLIT cantly earlier than did the resurgent current mediated by the endogenous blocker (control, 4.1 Ϯ 0.3 ms; ␤4 scr , fects on all components of sodium current. First, transient current amplitude increased significantly at all po-1.4 Ϯ 0.2 ms, p Ͻ 0.001; Figure 5A , inset, and Figure  5C ). The current evoked by repolarization also decayed tentials ( Figures 5D [top] and 5F). At 0 mV, for instance, the peak current, which was 41 Ϯ 9 pA in control and quickly in the presence of ␤4 scr , with half the decay of the endogenous current (control, 20 Ϯ 2 ms; ␤4 scr , 10.5 Ϯ 61 Ϯ 14 pA with block removed, increased further in the presence of ␤4 KK/AA to 82 Ϯ 19 pA (p ϭ 0.008 versus 2 ms, p ϭ 0.01). Thus, although ␤4 scr can act as an openchannel blocker, the rate of unblock is unusually rapid.
control, p ϭ 0.03 versus block removed; n ϭ 9). Second, although repolarization evoked a current with an ampliThese data suggest that, while an effective block at positive potentials is independent of the amino acid tude similar to control (p ϭ 0.47), the current did not have characteristic resurgent kinetics. Instead, it decayed to sequence, the clustering of hydrophobic and/or charged amino acids in the wild-type ␤4 peptide slows the rate a significantly lesser extent than control (p ϭ 0.025; Figure 5D , bottom), reducing the resurgent component of unbinding at negative potentials.
Exposing patches with block removed to ␤4 KK/AA , the (Experimental Procedures). As a consequence, the resurgent-to-transient current ratio was significantly repeptide with reduced positive charge, had distinct ef- producing resurgent current. Because the majority of resurgent sodium current in To test the extent to which the induction of a resurPurkinje neurons normally depends on Na V 1.6 ␣ subgent-like current in CA3 cells depended on the specific units, we tested whether ␤4 and Na V 1.6 interact in the sequence of the ␤4 peptide, recordings were made with cerebellum. Coimmunoprecipitation studies revealed either ␤4 scr or ␤4 KK/AA included in the intracellular solution. that ␤4 indeed associates with Na V 1.6 in mouse cerebelWith 200 M ␤4 scr , repolarization evoked a resurgentlar tissue (Figure 6, left) . In contrast, Na V 1.6 did not immulike current in CA3 cells; however, like the currents in noprecipitate with ␤4 in mouse hippocampal tissue (FigPurkinje patches exposed to ␤4 scr , the rise of the current ure 6, right), consistent with the low levels of ␤4 mRNA in the CA3 cells with ␤4 scr was faster than the rise of the and protein detected in hippocampal pyramidal cells in resurgent current seen with ␤4 154-167 (1.3 Ϯ 0.08 ms, n ϭ studies of the rat brain (Yu et al., 2003) . 4 versus 3.7 Ϯ 0.5 ms, n ϭ 7; p ϭ 0.004; Figure 7C , These results raise the question of whether ␤4 peptop traces). Consistent with unstable block at negative tides can induce resurgent current even in sodium chanpotentials, the current-voltage relation in CA3 cells with nels that are not normally associated with ␤4 subunits.
␤4 scr was shifted relative to the curve for either the CA3 To address this issue, we tested the effect of wild-type cells with ␤4 peptide or the Purkinje cells, with peak resurand mutated ␤4 peptides on hippocampal CA3 pyramigent current occurring at Ϫ20 mV, rather than at Ϫ30 mV dal neurons, which express the same voltage-gated so-( Figure 7D, open ␤4 KK/AA ( Figure 7C , bottom red trace, n ϭ 3), and the of normal resurgent sodium current, indicating that the unbinding rate of the peptide was indistinguishable from mean repolarization-evoked current between Ϫ10 and Ϫ50 mV was significantly smaller than that observed in that of the endogenous blocking particle. This result, along with the evidence that ␤4 subunits are associated CA3 cells dialyzed with ␤4 154-167 ( Figure 7D, red squares) . Taken together, these data support the idea that the with the relevant ␣ subunits in Purkinje cells, suggests that the ␤4 subunit itself is a likely candidate for the wild-type ␤4 peptide, unlike the ␤4 scr and ␤4 KK/AA peptides, is particularly well suited to block and unblock endogenous blocker. voltage-gated sodium channels in a manner that mimics resurgent current.
Characteristics of the Endogenous Blocking Particle
The observation from previous experiments that openDiscussion channel block is voltage dependent (Raman and Bean, 1997) suggests that the endogenous blocking particle These results provide insight into the physical nature of the endogenous blocking particle that generates resurcontains regions of positive charge, which would promote stable binding at positive potentials while favoring gent sodium current. In both native cells and expression systems, sodium channel pores can be blocked in a unbinding at negative potentials. Importantly, however, even at negative potentials, unbinding is slow enough voltage-dependent manner by a wide variety of molecules (Eaholtz et even as electrostatic effects repel the blocker from the pore. 1979). The ␤4 peptides described here, therefore, form another class of molecules that occlude sodium channel Consistent with these predictions, the present experiments indicated that sodium channels were highly suspores. More importantly however, the ␤4 cytoplasmic tail emerges as one of the few known naturally occurring ceptible to block-but not necessarily unblock-by intracellular peptides with five or more positively charged peptide sequences, along with the III-IV linker of the ␣ subunit itself, that can reversibly block voltage-gated residues, including short poly-L-lysine chains, the wildtype ␤4 peptides, the scrambled peptide, and the argisodium channels. The most remarkable feature of the wild-type ␤4 peptide, however, was that it generated a nine-substituted peptide. Further evidence for a role for positively charged residues came from the result that pattern of unblock that precisely replicated the kinetics The observation that ␤4 peptide accurately replicated the Much evidence indicates that aromatic rings can kinetics and relative amplitude of normal transient and strongly regulate the stability with which blocking comresurgent current suggests that the ␤4 subunit shares pounds bind to sodium channels; phenyl groups on amstructural, as well as functional, characteristics with the monium and hydrazinium compounds increase the affinendogenous open-channel blocker(s) that produce reity of blockers at all potentials (Zamponi and French, surgent kinetics. There are at least two caveats, how-1994), and various polycyclic cations block the sodium ever, to the conclusion that the ␤4 subunit is the blocker channel pore and unbind to produce "hooked tail" curitself: first, we cannot ascertain that the folding of the rents at strongly hyperpolarized potentials (Yeh and Narsynthetic ␤4 peptide is the same as that of the native ahashi, 1977; Cahalan and Almers, 1979). Additionally, ␤4 subunit, and second, although the ␤4 peptide is suffistable but reversible peptide block of sodium channels cient to produce resurgent kinetics, we have not demonappears to rely on a phenylalanine, often embedded in strated that it is necessary. Nevertheless, it is relevant a cluster of hydrophobic residues. Specifically, in the that ␤4 subunits indeed associate with sodium channel IFM sequence of the III-IV linker of sodium channel sub-␣ subunits (Yu et al., 2003) , including Na V 1.6 in the cereunits, substitution of the phenylalanine greatly disrupts bellum, making it likely that the ␤4 cytoplasmic tail is fast inactivation (Kellenberger et al., 1997) . located in the vicinity of the pore. Moreover, in the rat Consistent with the role of hydrophobicity in determinnervous system, both in situ hybridization and antibody ing the affinity of exogenous blockers, our data suggest labeling (Yu et al., 2003) indicate that ␤4 is expressed that the uncharged sequence, LITFIL, of the wild-type ␤4 in at least four brain regions containing neurons that peptide stabilized the interaction between the blocking produce resurgent sodium currents, including the Purpeptide and the pore. . Addileaved with charged residues, rapid unbinding of the tionally, ␤4 is only weakly expressed by hippocampal applied peptide was facilitated, producing an unusually pyramidal cells and small dorsal root ganglion cells, both fast rising phase of resurgent current. Given the sensitivof which lack the current. Taken together, the regional ity of the kinetics of block and unblock to the precise distribution of ␤4, the association of this protein with sequence and identity of amino acids in the synthetic sodium channel ␣ subunits, and the accuracy with which peptides, it is interesting to note that, in the current wild-type, but not mutant, ␤4 peptides replicated normal protein database, the sequence LITFILKK occurs only resurgent kinetics suggest strongly that ␤4, or a ␤4-like in proteins containing the full cytoplasmic tail of the protein, acts as the endogenous blocking protein of sodium channel ␤4 subunit. sodium channels that produce resurgent current.
Experimental Procedures
Resurgent Current and ␤4 in the Nervous System Resurgent sodium current was originally identified in
Generation of Transgenic Mice
Purkinje cells, in which it was initially proposed to be an ␤1(Ϫ/Ϫ) and ␤2(Ϫ/Ϫ) ("null") mice were generated as previously described (Chen et al., 2002, 2004) . Each strain was repeatedly adaptation for high-frequency firing of action potentials backcrossed for more than ten generations to C57BL/6 to create or Ϫ90 mV. After removal of the protease, the holding potential was returned to Ϫ90 mV and recordings of sodium currents were congenic strains (Silva et al., 1997). ␤1(Ϫ/Ϫ)/␤2(Ϫ/Ϫ) mice were generated by mating N10 ␤1(ϩ/Ϫ) with N10 ␤2(Ϫ/Ϫ) mice until repeated in control solutions. Holding patches at Ϫ30 mV successfully protected the fast inactivation gate from enzymatic cleavage, ␤1(ϩ/Ϫ)␤2(Ϫ/Ϫ) mice were obtained. These mice were then crossed to achieve the double null mutation. Genotypes of all mice used for since depolarization-evoked currents continued to inactivate after washout of enzyme. All inactivation could be removed, however, electrophysiology were confirmed by PCR (Chen et al., 2002, 2004) .
by applying chymotrypsin while stepping patches from Ϫ90 mV to depolarized potentials (data not shown).
Cell Preparation
QX-314-sensitive sodium current was obtained by subtraction. Experiments were performed on C57BL/6 mice (Charles River, WilBefore the subtraction traces were recorded, channel block by QXmington, MA), or, as shown in Figure 4 only, on ␤1 null, ␤2 null, 314 was promoted by depolarizing patches with 40 Hz trains of five ␤1/␤2 null mice, and wild-type mice. Cerebellar Purkinje neurons 10 ms steps from Ϫ90 mV to Ϫ10 mV. Trains were repeated 10 to and hippocampal CA3 pyramidal neurons ("CA3 cells") were acutely 20 times, at 500 ms intervals, until sodium channels were completely isolated from mice, according to published methods (Regan, 1991;  blocked at all voltages. In most recordings, the trial with QX-314 Raman and Bean, 1997). In accordance with institutional guidelines, was the last; with chymotrypsin, however, recordings in QX-314 had mice were anesthetized with halothane before decapitation. and QX-314 (EMD Biosciences, Inc., San Diego, CA). For whole-cell recordings from Purkinje and CA3 cells, the pipettes were filled with a control "CsCH 3 SO 3 " internal solution containing 108 mM CsCH 3 SO 3 , 9 mM NaCl, 1.8 mM MgCl 2 , 9 mM HEPES, Analysis 1.8 mM EGTA, 48 mM sucrose, 14 mM Tris-CreatinePO 4 , 4 mM Data were analyzed with IgorPro 4.02 software (Wavemetrics, Lake MgATP, and 0.3 mM TrisGTP (buffered to pH 7.4 with CsOH). Cells Oswego, OR). Where indicated, sodium currents were averaged to were positioned in front of an array of gravity-driven flow pipes that improve the signal-to-noise ratio. Resurgent current amplitudes are contained a low sodium "control" solution containing 50 mM NaCl, reported as the difference between the peak current evoked upon 110 mM TEACl, 2 mM BaCl 2 , 300 M CdCl 2 , 10 mM HEPES (buffered repolarization and the steady-state current at the end of the repolarto pH 7.4 with TrisOH), or control solution with 300 nM tetrodotoxin izing step. Current decays were fit with single exponentials of the (TTX). Recordings were made in each solution, and the TTX-sensitive form I ϭ A ϫ exp(-t/ decay ) ϩ I ss , where I is current, A is the amplitude sodium current was obtained by subtraction. The series resistance at the onset of the voltage step, t is time, decay is the decay time was compensated by Ͼ80%.
constant, and I ss is the steady-state component of the current. CaFor inside-out patch recordings, the extracellular (pipette) solution pacitative artifacts were digitally reduced or blanked in most figures. was Tyrode's solution with 10 mM TEACl and 30 M CdCl 2 . IntracelData are reported as mean Ϯ standard error of the mean (SEM). lular (bath) solutions were exchanged with gravity-driven flow pipes.
Statistical significance between parameters of currents measured Each pipe contained CsCH 3 SO 3 either alone, with enzyme, with test in control and test solutions was assessed with Student's two-tailed peptides/amino acids, or with 0.8 mM QX-314. Cytochrome C paired t tests (unless otherwise indicated), and p values are reported. (1 mg/ml) was added to all pipe solutions. In all recordings of sodium currents, patches or whole cells were held at Ϫ90 mV. Transient current was elicited by depolarizing steps, and resurgent current Acknowledgments was elicited by 100 ms step repolarizations to Ϫ30 mV following a 10 ms step to ϩ30 mV. Trypsin was used at 0.5 mg/ml (19 U/ml), Supported by NIH F31 NS045483 (T.M.G.), the Klingenstein Foundation (I.M.R.), NIH NS39395 (I.M.R.), NIH MH59980 (L.L.I.), and Nachymotrypsin at 5 mg/ml (280 U/ml), and V8 protease at 0.5 mg/ml (315 U/ml). To increase the probability that the target for proteolysis tional Multiple Sclerosis Society Grant RG2882 (L.L.I.). We are grateful to Ms. Fatemeh Afshari for her help in the early stages of would be the endogenous blocker rather than the fast inactivation gate or the pore, patches were held at Ϫ30 mV before and during experiments on ␤-null mice; Ms. Audrey Speelman for expert technical assistance; and Zayd Khaliq, Jason Pugh, Teresa Aman, and brief (5 s) exposure to trypsin or chymotrypsin. For V8 protease only, the enzyme was applied while patches were held at Ϫ30 and/ Veronica Ledoux for discussions.
